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ABSTRACT 
 
TRENDS IN BROOK TROUT (Salvelinus fontinalis) AGING PRACTICES 
INCLUDING AN EVALUATION OF CALCIFIED STRUCTURES AND THE 
VALIDITY OF DIGITAL ANALYSIS 
 
By 
 
Christopher S. Kovala 
 
Fish aging provides crucial data for fisheries managers to make informed 
decisions on catch limits and population status; however, there is a continuing discussion 
within the field on the accuracy and effectiveness of aging in fishes, including brook 
trout. My initial research used Qualtrics
TM
 survey software to survey twenty-nine 
fisheries managers to determine current trends in brook trout aging. Respondents aged 
fish primarily to determine population composition (91%) and levels (88%). Precision 
and accuracy of age assignments for seventy-five brook trout from six sites in the U.S. 
was examined. Range-wide collection of fish allowed me to look for inconsistencies in 
age assignments on a regional level. Thirty-three percent of respondents stated that they 
currently use digital images and I tested the validity of using images in lieu of physical 
structures. Bias was low among structures and between readers. Precision of structural 
and regional comparisons was uniformly poor in unknown age fish. Otoliths (PA 82, CV 
9) and digital images of otoliths (PA 54, CV 27) provided higher accuracy than scales 
(PA 9, CV 47) or scale images (PA 27, CV 47) in known age fish. Otolith images 
provided more accurate and precise ages than both physical and digital scales and the use 
of this method and technology is promising. The inaccuracy of scale age was apparent 
from the known age samples and are not recommended. Only physical otoliths meet 
current standards for accuracy and are recommended for aging brook trout. 
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CHAPTER ONE: LITERATURE REVIEW 
 
BROOK TROUT BIOLOGY 
Brook trout (Salvelinus fontinalis) is a native species found throughout the eastern 
and upper midwestern United States as well as eastern Canada and is a member of the 
Salmonidae family. They have been introduced throughout the western U.S. and are 
considered highly successful at out-competing most native fish (Becker 1983).  
Brook trout reside in cold (<20˚C), well-oxygenated lakes and streams and are 
characteristically dark grey, green or black with vermiculations on their dorsal side 
(Hubbs and Lagler 1964). Small red to orange spots with occasional blue halos are found 
on both sides and they tend to be white-orange-yellow on their ventral side (Becker 
1983).  
Life histories vary and brook trout may be fluvial (river dwelling), adfluvial (lake 
dwelling, but spawning in rivers), lacustrine (lake dwelling), or anadromous (ocean 
dwelling, but spawning in rivers) (Becker 1983). This intraspecific life history variation 
leads to substantial variability in growth and size at age across the species range. Brook 
trout are believed to be a short lived species with ages rarely reaching four years old 
(Becker 1983), although Huckins et al. (2008) estimated Lake Superior brook trout to 
reach age eight and Kozel and Hubert (1987) have estimated stunted brook trout to grow 
past the age of thirteen in high elevation lakes.  
Spawning occurs in the fall when females create nests, or redds to deposit their 
eggs. Males do not assist in the creation of the redd, but defend it from other males. The 
redd is typically created in gravel substrate and after completion, milt and eggs are 
deposited simultaneously and then covered with gravel by the female.  Fry emerge 
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between January and April and range from 15-30mm. By the end of their first year, some 
males are sexually mature with most, if not all males mature by age two. Females 
generally mature later, either at age two or three.  
 
AGING OF FISH 
Fish aging, and subsequent population aging (into age cohorts), provides crucial 
data for fisheries managers to make informed decisions on catch limits and population 
status. Aging fish in temperate regions is typically accomplished by examining hard 
structures (e.g. bones, scales, otoliths) for visually countable periods of high and low 
growth that correlate with summer and winter periods. Different structures have been 
validated using known age fish, such as otoliths and operculum (Sharp and Bernard 
1988), scales (Hining et al. 2000), and fin rays (Mills and Beamish 1980; McFarlane and 
King 2001). However, several studies have shown that certain calcified structures in 
some fish are unreliable in providing accurate age estimates (Raitiniemi et al. 1998; 
Maceina and Sammons 2006; Zymonas and McMahon 2008; Secor et al. 1995; Hubert et 
al. 1986). Inaccurate age and population data can lead to fisheries mismanagement, over-
harvesting and possible extinctions. This is a well-documented scenario as seen in the 
Atlantic Cod (Gadus marhua) (Hutchings and Myers 1996) and Peruvian anchovy 
(Engraulis ringens) (Pitcher and Preikshot 2001) fisheries.  
Studies involving age determination in brook trout are limited, yet accurate and 
precise age classification is necessary to properly manage their populations (Alvord 1954, 
Hall 1991, Stolarski and Hartman 2009, Kusnierz et al. 2009). A variety of techniques 
and structures have been used to age brook trout over the past century. Which calcified 
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structure, and what technique to use in preparing this structure, is a topic of debate 
(Campana 2001). Common calcified structures used are scales, fin rays and spines, 
opercula (the gill plate), vertebrae, and otoliths (calcium secretions located in the skull) 
(Campana 2001). Scales and fin spines are heralded for their ease of collection and non-
lethality, while otoliths have been shown to be more consistently accurate and reliable 
across species, but require the animal to be sacrificed (Maceina and Sammons 2006). 
Otoliths are considered more reliable than other calcified structures because they are not 
resorbed in times of prolonged nutritional scarcity.   
Regardless of the structure used, all age estimations are determined by counting 
rings, called annuli, in the calcified structure. Annuli are comprised of an alternating 
hyaline (translucent winter growth periods) and opaque (dark summer growth periods) 
region (Secor et al. 1995). In scales, annuli form when circuli (growth rings) become 
denser due to slowed growth during winter periods. While all fish create annuli in bony 
structures, the ability to accurately “read” these structures differs between fish of 
differing longevities and morphology. Understanding which structure provides the most 
accurate data is crucial in future decision making regarding brook trout. 
A common flaw of aging using scales is that they lead to underestimation of age 
in certain fish species, especially in older age classes (age >2) (Hubert et al. 1986; Secor 
et al. 1995; Raitiniemi et al. 1998; Maceina and Sammons 2006; Zymonas and McMahon 
2008). Hining et al. (2000) found that scales from rainbow trout (Oncorhynchus mykiss) 
were not accurate for fish over age two, while Stolarski & Hartman (2008) found brook 
trout scales to be unreliable in cohorts greater than age three. There are several 
explanations for this inconsistency. Annuli form relatively consistently when wild fish 
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are in an undisturbed environment (Graynoth 1996). When a change occurs either in the 
fish’s environment, or to the fish itself, growth rates can be inhibited. This inhibition can 
lead to the formation of “checks,” or false annuli. These regions appear to be slow-
growth periods, implying a reduction in consumption that is otherwise indicative of a 
winter feeding pattern. Consequently, this check is commonly interpreted as a year of 
growth, skewing accurate age determination and causing an over-estimation of fish age 
(Alvord 1954). Graynoth (1996) noted, in his work with mature rainbow and brown trout 
(Salmo trutta), that scales commonly had indistinct annuli and false annuli (checks). 
Similar results were found by Zymonas and McMahon (2008) in their research with bull 
trout (Salvelinus confluentus), as well as Knapp and Dudley (1990) with golden trout 
(Oncorhynchus aguabonita). Checks have also been formed because of spawning, 
parasitism, temperature change, injury, or pollution (Helfman et al. 2000; Alvord 1954; 
S. Sitar, MIDNR, personal communication). There is even some research showing that 
environmental conditions such as turbidity can cause checks to appear in brook trout 
scales (Sweka and Hartman 2001). Alternatively, not all research done on scales has been 
critical of their use as a techniqu to establish age. There have been several studies 
showing that scales can accurately estimate age of short-lived species or immature fish of 
other species, such as immature lake trout (Salvelinus namaycush) (Sharp and Bernard 
1988) and mature cutthroat trout (Oncorhynchus clarki) (Smith 1987) because scale 
degradation, absorption or regeneration does not occur, or occurs minimally in species 
with short life spans. Scales are thought to be usable for young brook trout or in 
populations dominated by shorter-lived individuals. 
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Otoliths have been commonly used in age determination over the past fifty years. 
However, because of time associated with removal and reading, plus the fact that the fish 
must be sacrificed, this method is often not used compared to other calcified structures, 
primarily scales. As noted earlier, there are several techniques currently used to read 
otoliths and there is research supporting each method in individual species. The most 
commonly used (and most frequently validated) technique is the thin cross-sectioning 
method (Secor et al. 1995; Raitiniemi et al. 1998; Clarke et al. 2007). This is completed 
by embedding the otolith in epoxy, removing a thin slice from the center with a high-
speed saw, and then viewing the slice under magnification. This method is a very time 
intensive process and requires very specific - and expensive - tools. Another technique 
for reading otoliths is to gently abrade the whole otolith with fine sandpaper and view it 
under magnification. This technique is only validated for relatively short-lived species 
and annuli are indistinct in long-lived species when processed in this manner (Stolarski 
and Hartman 2008). There has been recent research indicating that reading whole, 
unaltered otoliths in shorter lived species (i.e. brook trout) is not only an accurate way to 
determine age, but is a very time efficient process (Iserman et al. 2003; Quist et al 2007; 
Stolarski and Hartman 2008). In older age fish (age>5), this method may not be desirable 
because there is evidence that shows great reader bias in age determination (Peltonen et 
al. 2002).  
Although almost every study indicated otoliths as the most accurate overall way 
to determine age, research on Greenland halibut (Reinhardtius hippoglossoides) found 
that both whole and sectioned otoliths under-aged the fish by as much as 15 years (Treble 
et al. 2008). This occurred because the Greenland halibut is a very slow growing and 
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long-lived species. The authors suggested that more research be done on long-lived 
species to verify validity. 
A recent trend in analyzing fish structures for aging is the use of digital images of 
the actual structures (Morrison 1998). The structure is prepared in a lab and is then 
analyzed in-house or is sent to another lab for analysis. The Michigan Department of 
Natural Resources currently age several species, including pike (Esox lucius), walleye 
(Sander vitreus) and lake whitefish (Coregonus clupeaformis) with digital images 
(Claramunt and Clapp 2005). Use of digital copies allows quick and easy collaboration 
with colleagues across the state/region if a second opinion is desired. There is currently 
very little research validating the use of digital photographs as an alternative to actually 
reading the physical structure (Fitzgerald et al. 1997). In Fitzgerald’s study (1997), it was 
determined that using photographs of the prepared structure reduced accuracy by 23%.  
Another element that complicates age determination is the potential for regional 
bias between readers (fisheries technicians who specialize in aging). Brook trout have a 
large geographic range and diverse life histories. For example, an adult five year old 
fluvial brook trout residing in a stream in West Virginia may reach only nine inches in 
length. In contrast, a five year old adult lacustrine coaster brook trout from Lake Superior 
may reach twenty inches in length. While growth does not directly relate to age, 
increased size can produce larger calcified structures with greater spacing between 
annuli. This variation may cause readers working with different populations to age brook 
trout differently. Reader training is another component of aging that can confound age 
calculations. The majority of readers are trained by other readers in the same region who 
may be biased and there are currently no standard guidelines for aging and minimal 
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literature (Casselman, Queens University, CAN - personal communication) on the 
specifics of determining annuli. Because of this, fish aging is considered an extremely 
subjective process (Campana 2001).  
The present study was designed to explore four questions revolving brook trout 
aging and management practices. An examination of the two most common brook trout 
aging structures, scales and otoliths, was undertaken to determine precision and accuracy 
in age assignments. Although some previous research (Hubert and Kozel 1987; Hall 
1991; Stolarski and Hartman 2008) has been completed on the precision of these 
structures, no published reports on accuracy were found and the inclusion of known age 
fish allowed us to do this. 
Additionally, a comparison of precision and accuracy when using digital 
photographs was also completed. Fish were harvested from across their current United 
States range and were aged by personnel from across the range as well. This provided 
means to determine if bias is influenced by the fish source or where the reader was 
located/trained. In addition, this study was surveyed current aging practices in brook trout 
and how the data ascertained from the fish are used in management.  
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CHAPTER 2: AN ASSESSMENT OF BROOK TROUT AGING PRACTICES 
 
CHAPTER OVERVIEW 
 Aging is an important aspect of any fisheries management program as it is the 
basis for many population-related analyses. Although published literature regarding aging 
practices and techniques are available (Hubert et al. 1986; Graynoth 1996; Hining et al 
2000; Campana 2001); Stolarski and Hartman 2008) there has been no work to determine 
what actual strategies are used by fisheries professionals that work with brook trout. We 
conducted a survey of 29 professionals actively working with brook trout to determine 
how age data was collected, what structures were used, what training was received by 
agers, and analyses how age data was used. Age data were used to satisfy a diverse range 
of population analyses including fishery age composition (91%), population estimates 
(88%), mortality estimates (68%), habitat improvement (64%), and stocking (60%). The 
two most common structures used were scales (70%) and otoliths (65%). Readers 
commonly were trained by more experienced personnel within the office/agency (65%) 
and do not typically receive supplementary training (59%). Scientists appear to be 
limiting age data collection to scales because they are determined to not sacrifice fish for 
otoliths and few respondents used alternative structures such as fin rays.  Additionally, 
limited budgets restrict technology purchases that could improve age readers age 
assignments through training with a publicly shared, digitally available, known-age fish 
collections which would allow new and supplementary reader training. Continued 
research determining a non-lethal, accurate aging structure was voiced by the majority of 
respondents and is the next step in advancing brook trout aging research. 
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INTRODUCTION 
 Age information is one of the most influential biological variables because of its 
use in calculating growth rates, mortality rates and productivity; however, there are many 
instances where overexploitation has occurred due to incorrect age estimation in a species 
(Campana 2001). While commercial fisheries and programs including threatened or 
endangered species have had substantial research conducted on aging, less high profile 
fish species have not been afforded the same attention (Six and Horton 1976; Hubert 
1986; Knapp and Dudley 1990; Pitcher and Preikshot 2001).  There has been relatively 
little recent research done on brook trout (Salvelinus fontinalis) aging and its impact on 
brook trout management (Stolarski and Hartman 2008) despite the growing conservation 
interest in this North American native species. 
Research has been conducted regarding brook trout aging for over 50 years and 
many assumptions have been debunked. Scales were once thought to be the answer to 
aging most salmonids (McFadden 1961; Alvord 1954); but however, scales have 
repeatedly shown to be unreliable (Zymonas and McMahon 2008; Quist et al. 2007; 
Hining et al. 2000), under-aging some fish and over-aging other fish (Chapter 3). Otoliths 
tend to be more dependable (Stolarski and Hartman 2008), but are lethal to collect. 
Opercula, vertebrae and fin rays have also been utilized with mixed success (Six & 
Horton 1976; Sharp and Bernard 1988; Raitiniemi et al.1998; Khan & Khan 2007; 
Zymonas and McMahon 2008). Opercula and vertebrae are lethal to remove and have not 
been validated for aging salmonids. Fin rays, being the only other non-lethal aging 
structure, have gained popularity as an aging structure as indicated by recent studies 
(Hubert et al. 1986; Zymonas and McMahon 2006; Zymonas and McMahon 2008; 
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Stolarski and Hartman 2008). There is, however, concern that first year annuli can be 
difficult to distinguish, as well as annuli forming after age 5 (Beamish 1973, Zymonas 
and McMahon 2008). 
In addition to our growing understanding of how to read and prepare structures, 
technological advances have been incorporated into the aging process methodology 
(Morrison 1998). The quality of images produced by digital cameras and their decreasing 
price make digital approaches a feasible possibility for many agencies. But, the validity 
of using this tool to age brook trout is unknown. The possibilities of easily swapping 
photos of questionable structures to another reader for a second opinion or to have a 
known age reference collection for training purposes are attractive. Although training via 
a reference collection has been strongly urged (Campana 2001), it is currently unknown if 
agencies are following this recommendation.  
 The goals of this project were to survey current brook trout aging practices by 
fisheries professionals including those working in academia, state and federal agencies, 
non-governmental organizations and private business. Although research has been 
conducted and published showing certain structures to be unreliable in many salmonids, 
there is no indication this is being heeded in the brook trout (Salvelinus fontinalis) world 
(Hining et al 2000; Stolarski and Hartman 2008).  
METHODS 
 Qualtrics
TM
 survey software was utilized to create a 22 question survey 
addressing a range of brook trout management issues as they relate to aging (Table 1). 
Respondents were contacted because of their work in brook trout management as 
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determined through literature, agency and non-governmental organizations (NGO) web 
sites and personal communication. When contacted in the summer of 2011, respondents 
were asked to voluntarily fill out the 5-10 minute online survey. All information collected 
is confidential and the data has been compartmentalized to insure anonymity according to 
the NMU Institutional Review Board (IRB) which approved this study. Respondents 
were given multiple-choice answer options to questions and were allowed to enter text 
under “Other” if no answer best fit the question for their experience. They were informed 
that any question that was inappropriate for their position or expertise should be skipped. 
RESULTS 
Management Issues 
 All 29 respondents worked in an area where brook trout are present and most had 
aging experience (Figure 1). The most common way that respondents dealt with brook 
trout was monitoring brook trout populations (88%), followed by habitat improvement 
(64%) and stocking (60%) (Figure 2). Notable text responses not fitting the listed 
selections were research (16%) and reintroductions of extirpated populations (12%). 
 When asked specifically how individuals worked with age data, 91% used the 
data for population or fishery age composition, 77% for individual growth analysis, 68% 
for mortality estimation, and 64% for population growth analysis. Other common 
responses were evaluation of fishery regulations (59%), relative abundance estimation 
(55%), evaluation of stocking (41%), age structured models (41%) and ecological 
research (5%).   
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Aging Issues 
 Aging occurred both internally (50%) and at aging laboratories (12%). Thirty-
eight percent of participants either did not age brook trout at their facility, or did not 
know if aging occurred at their organization. The most common calcified structures used 
were scales (70%), otoliths (65%) fin rays, (22%) and vertebrae (8%) (Figure 3). 
Additionally, one individual used length frequencies to determine age rather than directly 
using aging structures. Validation of these structures within their local populations was 
reported by 39% of respondents, with 35% stating no validation was completed and 26% 
unsure if validation had occurred (Figure 4). 
Age Readers 
 Initial training for age readers was extremely varied. Sixty-five percent of readers 
were trained by an experienced reader at their facility while 20% were either not trained 
or the respondent was unsure if/what training had occurred (Figure 5a). Fifteen percent 
received formal training through an aging laboratory or university. When questioned if 
age readers receive supplemental, annual, or seasonal training, 59% stated that they did 
not receive additional training and 23% were unsure of any further training. Only 18% 
received continued training (Figure 5b).  
 Protocols for aging were used at 59% of facilities, while 33% did not use a 
protocol and 8% were unsure. Of the 58% who did have an aging protocol, 58% stated 
there was validation for the technique and 21% declared no validation and 21% were 
unsure if there was validation (Figure 6).  
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Digital Imaging 
 The use of digital imaging was addressed in the survey and 50% of respondents 
currently do not use digital imagery when aging and rely on physical structures alone. 
Thirty-three percent utilize digital photographs of structures and 17% were unsure if 
digital picture analysis occurred (Figure 7). Forty-four percent of those who do not 
currently use digital images stated that there was no need to use them. Their reasoning 
was that physical structures worked well or because length frequencies did the job since 
individuals in their population never exceeded age three. Twenty-two percent cited 
funding to be a limitation to purchasing needed equipment and another 22% had recently 
received equipment, but were not yet trained in its use. Additionally, when asked if they 
would like to use digital images in their aging, 62% were interested and 38% were not. 
Improving age determination 
 Finally, participants were asked an open-ended question about what they thought 
would be useful to improve age determination. Sixty percent of participants would like to 
see more work done on identifying which structure and/or technique provides the most 
accurate age determination (Figure 8). Of those 60%, half would like to see an improved 
non-lethal technique that would provide improved age determination.  
 Sixteen percent would like to see an improved method for specifically identifying 
annuli. Twelve percent believed there was no need for improving age determination as 
current practices meet all aging needs. An additional 12% did not know what could be 
done to improve age determination. 
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DISCUSSION 
 Fisheries managers need accurate age data to perform analyses on fish 
populations (Campana 2001). These analyses are being done by individuals in 
government and non-governmental organization, as well as research institutions. To do 
this, they are using data collected primarily from scales (70%) and otoliths (65%) that 
were analyzed by in-house readers. The high usage of scales is worrisome due to research 
that suggests this is not the optimal structure for aging salmonids (Hining et. al. 2000, 
Stolarski and Hartman 2008, Schill et al. 2010), but likely reflects the need for a non-
lethal aging structure (Figure 8).  
 Age readers commonly received initial training (80%) with 65% being trained by 
an experienced reader at their organization; the relative lack of intra-organization training 
(e.g. professional development courses etc. that would lead to similar training protocols 
across the range of the species) is worrisome since it may lead to regional/training lineage 
biases. After initial training, only 18% of respondents knew that their age readers 
received any type of supplemental or annual training. To ensure proper aging and to 
confirm that the reader has not changed their aging technique over time, readers should 
have subsequent training involving a known age reference collection (Campana 2001). 
This is particularly needed since many agers tend to work alone or with only one or two 
other agers.  None of the participants indicated that training with known age fish 
structures occurred at their facility and it is undetermined if the 18% of individuals who 
received training used reference collections. The use of standard protocols has been 
advocated and 58% stated that there was a protocol in place (Campana 2001). Besides 
having a protocol, it is crucial that this process is validated and standardized in 
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application and currently 58% indicated protocol (structure, method, procedure) 
validation or standardization (Campana 2001). 
 Aging through digital images is currently rare (33% of respondents) and 
comments collected indicated cost and training to be a factor. Of individuals surveyed 
who do not age with digital images (67%), half believed there to be no need to do so 
because current practices were sufficient. This suggests that two-thirds of respondents do 
or would like to use digital techniques.  
 Recommendations for continued research were emphatic, with 60% desiring more 
research into which structure and technique was the most accurate when aging brook 
trout. In addition, a non-lethal structure is desired for populations that individuals are 
unwilling or unable to sacrifice for structure removal. Furthermore, the participants 
(16%) desired additional research on formation of annuli. Clearly, professionals in the 
field are not satisfied with the scientific resources currently related to brook trout aging. 
 Although I have a limited sample of individuals in this study, I feel that the varied 
experience of all respondents gives us a reliable cross-section of the brook trout 
community to examine. This study identifies the inconsistencies in aging found in the 
brook trout fisheries community. I recommend brook trout managers should confirm 
within their organization that the best practices, as shown in the literature, are in place 
and seek to validate and standardize their approaches. Researchers outside the agencies 
should also be drawn into this system to ensure the integrity of the science being done. 
Additionally, my work with aging otolith images has indicated that digital imaging has 
potential. There are several problems illuminated in the survey that could be addressed 
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using digital images and the creation of an open access website. A shared database of 
known age fish from across their native and introduced range that could be accessed 
efficiently and could help standardize protocols. Currently, the Michigan DNR uses a 
digital system to trade images of walleye fin spines for additional reading. Applying and 
building on this system would allow fisheries managers to make better informed 
decisions as they work with their brook trout (or any number of additional species) 
populations. Creating a known age reference collection as an individual agency may be 
overwhelming, but as a collective of agencies, the collection would grow through small 
contributions from each. Additionally, training of new age readers could be done 
uniformly across the region or country using known age fish. Supplementary training for 
experienced agers could be undertaken to refresh their skills on an annual, seasonal, or 
even species basis efficiently and prevent training-related bias.  
There are multiple areas that need to be improved in order to collect the best 
possible data for analysis. Moreover, digital images are gaining in popularity and this tool 
can help dramatically improve the aging classification in brook trout. 
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Table 1. Survey questions to fisheries managers. The survey respondents were provided a 
link to a survey created and hosted on the Qualtrics
TM
 website. The survey contained 
twenty-two questions entailing management and aging practices. 
1.  You have been invited to participate in this research study because of your work in brook trout biology 
and management. The purpose of this study is to determine which calcified structure (scales, otoliths, or fin 
rays) provides the most precise age determination in brook trout. In addition, a comparison of aging based 
on digital photographs and actual structures will be undertaken. Fish will be examined from across their 
current North American range and regional bias as to the source of the fish will also be examined. Regional 
bias among readers will also be assessed during this study (information will be confidential). Lastly, survey 
data will be compiled and analyzed to determine which, if any, standard practices lead to higher precision.      
For the current survey, we are asking fish scientists about their experiences with fish aging, whether you 
perform this task or not. The time commitment for this survey is 5-10 minutes.     All individual 
information will be confidential; however, federal regulatory agencies and the Northern Michigan 
University Institutional Review Board (a committee that reviews and approves research studies) may 
inspect and copy records pertaining to this research. All records will be housed at Northern Michigan 
University in a secure location.To minimize any possibility of identifying individuals, all regions will have 
a minimum of three participants. Your name will not be released and all personal identifiers will be 
removed upon submission. Furthermore, your responses will not be supplied to your employer.There are no 
known risks for participating in this study, and you will not benefit personally from participation beyond 
the potential positive outcomes for fisheries aging. Although there is no financial compensation involved 
with this study, your time and commitment are greatly appreciated. Participation in this research is 
completely voluntary and you can opt out of participation at any time.     Any questions regarding the 
nature of this research project can be answered by the principal researcher who can be contacted as follows: 
Dr. Jill Leonard (906-227-1619) jileonar@nmu.edu. You may also contact NMU's Dean of Research, Dr. 
Terry Seethoff, (906-227-2700) tseethof@nmu.edu if you have questions regarding your rights as a 
participant in this research project.               Selecting "yes" below indicates that you have read and 
understand the nature, risks, benefits, and demands of the project and are willing to participate. It also 
indicates that you understand that you may ask questions freely and opt out of this study at any point in 
time without any negative consequences. 
2.  Please enter the name of your organization. 
3.  Please enter your name. 
4.  Please enter your position title. 
5.  Does your organization reside in an area that contains brook trout populations? 
6.  In what ways does your organization actively deal with brook trout? (Please check all that apply) 
7.  Does your organization age brook trout at your facility? 
8.  Do you send brook trout to another aging facility? If so… 
9.  Where does that aging occur? Please be as specific as possible. 
10.  Is there an aging technician(s) at your facility who would be willing and available to assist in aging fish 
structures for this study? 
11.  What calcified structures are used to obtain the age information that you use in your management? 
(Please check all that apply) 
12.  Is the use of this/these structure(s) validated for your population? 
13.  What type of initial training do agers who collect data utilized at your facility receive? 
14.  Do age readers receive any supplemental, annual, or seasonal training? 
15.  What does this training entail? 
16.  Do agers who collect data utilized at your facility use a standard protocol for aging? 
17.  Is there validation for this protocol? 
18.  Does your facility use digital photographs of calcified structures when aging? 
19.  Is there any specific reason why you do not use digital imaging when aging? 
20.  Would you like to use digital imaging? 
21.  How do you use age data in your work? Please check all that apply. 
22.  What do you think would be useful to improve age determination in brook trout? 
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Figure 1. Distribution of employment by respondents to brook trout aging survey. 
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Figure 2. Analyses of age data performed by fisheries managers. 
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Figure 3. Calcified structures currently used for aging brook trout. 
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Figure 4. Structure validation for aging in respondent’s local population. 
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Figure 5. Initial (a) and supplementary (b) training received by age readers. 
a) 
b) 
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Figure 6. Use (a) and validation (b) of aging protocols. 
 
a) 
b) 
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Figure 7. Use of digital imaging systems for aging.   
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Figure 8. Future research goals proposed by fisheries managers.  
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CHAPTER 3: AN EVALUATION OF CALCIFIED STRUCTURES AND DIGITAL 
PHOTOGRAPHY IN AGING BROOK TROUT 
 
CHAPTER OVERVIEW 
Fish aging provides essential data for fisheries managers to make informed decisions on 
population status; however, there is limited research on the efficacy of brook trout aging.  I 
examined the precision and accuracy of age assignments of brook trout using scales and sagittal 
otoliths from 75 fish collected from six sites across the United States.  Additionally, photographs 
of the calcified structures were used to determine the validity of aging brook trout through digital 
images of calcified structures. Five experienced readers assigned ages and all structures were read 
at least twice. Age bias plots, percent agreement (PA) and coefficients of variation were 
created to examine bias, precision and accuracy. Bias was minimal among structures and 
between readers.  Precision was low in scale-scale digital image (PA 35, CV 31), otolith-
otolith digital image (PA 46, CV 25) and scale-otolith (PA 36, CV 37) comparisons using 
known age fish. Otoliths (PA 82, CV 9) and digital images of otoliths (PA 54, CV 27) 
provided higher accuracy than scales (PA 9, CV 47) or scale images (PA 27, CV 47) in a 
subset of known age fish. A regional comparison was performed to determine 
consistency of aging across the species’ native and introduced range. Constant low 
precision was found throughout all regions (PAs 23-50, CVs 20-48). Contrary to other 
studies, scales and scale images gave higher age assignments in young fish (3>age) when 
compared to otoliths and otolith images and their continued use to age brook trout is 
unsupported by this study. Otolith images provided more accurate and precise ages than 
scales and the use of this technology is promising.  
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INTRODUCTION 
Age data is one of the most important biological variables used when managing 
sustainable fisheries and having accurate age data is imperative to estimate population 
levels (Campana 2001). Failure to generate accurate age data has led to population 
collapses worldwide, including the over-harvested rockfish (Sebastes spp) fishery in the 
North Atlantic and orange roughy fishery in New Zealand (Chilton and Beamish 1982; 
van den Broek 1983). Scales and otoliths are the predominant structures used to produce 
age data and these two structures were used to age over one million fish in 1999 alone 
(Campana and Thorrold 2001). However, both structures have drawbacks. Scales are 
commonly used to age because they are easy to acquire and collection is non-lethal (Hall 
1991). However, they have been shown to underage older fish and fish that are long-lived 
(Hubert et al. 1986; Secor et al. 1995; Raitiniemi et al. 1998; Hining et al. 2000). Otoliths 
have been shown to produce improved age estimates in many species, but are lethal to 
collect which may be undesirable or unacceptable in certain populations (Secor 1992).  In 
recent years, the creation of digital images of structures has gained popularity and been 
useful when aging certain species (Morrison 1995). While commercial fisheries and 
fisheries including threatened or endangered species have had substantial research 
conducted on aging, less high profile fisheries have not been afforded the same attention 
(Six and Horton 1976; Hubert 1986; Knapp and Dudley 1990; Pitcher and Preikshot 
2001).   
There has been little recent research done on brook trout (Salvelinus fontinalis) 
aging and its implication on brook trout management (Stolarski and Hartman 2008) 
despite the growing conservation interest in this North American native species. Scales of 
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brook trout were studied during the mid-20
th
 century (Alvord 1954; McFadden 1961), but 
have been revisited infrequently since. Although, grinding otoliths to the sagittal 
midplane is a technique that has gained prominence in the aging of many species of fish, 
usage in aging brook trout (Hall 1991; Stolarski and Hartman 2008) is minimal and 
additional review is warranted.  Operculum, vertebrae and fin rays have also been used 
with mixed success (Six & Horton 1976; Sharp and Bernard 1988; Raitiniemi et al.1998; 
Khan & Khan 2007; Zymonas and McMahon 2008). Operculum and vertebrae are lethal 
to remove and have not been validated in salmonids. Fin rays, the only other non-lethal 
aging structure, have gained popularity as an alternative (Hubert et al. 1986; Zymonas 
and McMahon 2006; Zymonas and McMahon 2008; Stolarski and Hartman 2008). 
However, first year annuli can be difficult to distinguish, as well as annuli forming after 
age 5 (Beamish 1973, Zymonas and McMahon 2008) and the structure has not been well 
adopted by researchers (see Chapter 2). Furthermore, the practice of aging brook trout via 
digital images of any of these structures is unexplored and their potential and the 
subsequent benefits for managers is unrealized. 
The scarcity of research on aging brook trout from across their current range and 
the absence of any work on digital imaging are detrimental to the conservation of this 
species.  Moreover, the lack of any regional analysis of this species could prove 
detrimental as local populations are extirpated and fish from different regions are used to 
reintroduce the species (Chapter 2). I collected fish from across the U.S. to provide a 
species range-level analysis that has never been attempted before in this species. I 
employed documented processes and structures (Alvord 1954; McFadden 1961; Hall 
1991; Stolarski and Hartman 2008) and applied contemporary preparatory techniques 
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(Pannella 1980, Hining et al. 2000) and digital imaging technology (Morrison 1998) in 
conjunction with experienced readers. The objectives of this project were to determine 
the precision and accuracy of scales and otoliths collected from across the species’ 
current range, examine the validity of using digital images in lieu of the physical 
structure when aging brook trout, and determine if aging fish from different 
regions/populations was consistent.  
METHODS 
Study Sites  
Brook trout were collected from six populations in five states (Idaho, Georgia, 
Virginia, Pennsylvania, and two sources in New York) across the U.S. (Figure 9). All 
collection locations were riverine, except for upstate New York, which was lacustrine. 
Agency personnel chose suitable sites for collection that were least detrimental to fish 
populations.    
Fish Sampling  
Fish were collected in the fall (September-October) of 2011 and shipped frozen to 
NMU. Fish harvests ranged from 12-43 per location (Table 2). All fish were collected 
under individual agencies protocols for harvesting fish for research. No pre-determined 
length classes were designated due to uncertainty in what agencies would procure.  
Structure Preparation 
Overall, 143 fish were collected and subsequently processed at the NMU 
Fisheries Laboratory. Fish were thawed, weighed, measured, and photographed. Scales 
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were removed from above the lateral line, posterior to the dorsal fin, following the 
methods of Devries and Frie (1996). Four to six non-regenerated scales were selected and 
cleaned of tissue and debris using softened toothpicks. Scales were then mounted 
between two slides for aging (see Maceina and Sammons 2006; Zymonas and McMahon 
2006). Both sagittal otoliths were removed via the guillotine method according to Secor 
et al. (1992). Otoliths were cleaned and placed in plastic vials to dry. Each otolith was 
affixed to a slide with epoxy and sanded with 600 and 1000 grit sand paper until annuli 
were seen clearly using mineral oil and 40x magnification (Pannella 1980). Four fish 
were removed from the study due to malformed or calcified otoliths. 
Experimental Design 
Seventy-five fish were selected to include 2-3 fish per source and the greatest 
length range (Figure 10) possible.  Five sets of fifteen fish were created from the entire 
selected set with the same criteria (maximum length distribution and varied locations) 
and each set was read by two readers; two readers never read the same two sets.  
Five age readers were selected from across the U.S. based on their expertise 
(Figure 9). All readers had a minimum of 5+ years aging structures and all had 
experience aging brook trout. Agers examined structures “blind” and knew only the 
species and date of collection. All structures and images were coded to prevent any 
referencing between structures or methods. 
Statistical Analysis 
Two types of error can confound the age determination process (Wilson et al. 
1987). Systematic error (bias) occurs when an age reader consistently over- or under-ages 
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a particular structure or age class and structural error occurs due to indistinguishable 
annuli formation in a structure.  I identified linear or non-linear bias through age bias 
plots (Campana 1995) that compare aging structures (otoliths, scales), readers, or 
methods (physical, digital) at individual age classes.  Interpretation of the age bias plots 
are achieved by identifying divergence from the equivalence line (1:1) and the 
observations (Campana 1995). If any of the age class error bars (std. error) did not cross 
the equivalence line, bias was assumed. If the bars were close to the line, it was deemed 
possible bias. If the bars completely intersected the line, no bias was assigned. The test is 
dictated by the structure that has shown to provide more precise age estimates in previous 
studies and this value is taken as most accurate and the other data sets variability is 
compared to this value. Variance within an age class was assessed by one tailed t-test to 
identify statistical difference between the two structures and to calculate standard error 
within that class. Structural error (including digital images of structure) was examined 
through the analysis of a subset of known age fish.  
To determine precision, I calculated the percent agreement (PA) between within-
reader among-structure (i.e., Reader 1 otoliths vs. scales etc.) and inter-reader intra-
structure analysis (i.e., Reader 1 scales vs. Reader 2 scales) (Campana 2001). PA is the 
number of times Reader A and Reader B, or structure x and structure y have a common 
age assignment (reported as a percent).  Although this analysis can be intuitively clear, it 
can also be misleading (Beamish and Fournier 1981). For example, a 95% agreement 
within a year for short lived species can be construed as unacceptable precision (one year 
could be a third of its estimated lifespan), while 95% agreement within five years in a 
long lived species would indicate acceptable precision (five years could be a fifteenth of 
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its lifespan) (Beamish and Fournier 1981).  Although there is no standard for minimum 
PA, a PA>80 is commonly considered acceptable precision. To eliminate the influence of 
life span on precision, Chang (1982) used the coefficient of variation 
(CV=100*STD/mean).   The CV for each structure was calculated and averaged across 
the entire sample to produce a mean CV. This analysis mitigates the effect of species 
longevity and is therefore considered superior to PA. Although there is currently no 
maximum CV to indicate precise or accurate age assignments in brook trout, a CV<10 is 
considered acceptable in many species (Campana 2001)  
RESULTS 
Intra-reader agreement 
Individual reader bias of each structural comparison was assessed through age 
bias plots. Bias was detected in some digital-physical comparisons. A trend identified 
throughout the most readers was that the digital copy over-aged the physical copy, 
particularly in younger fish. In addition, significant differences between age assignments 
were identified in five age classes within the physical scale-digital scale comparison and 
one age class in the physical otolith-digital otolith comparison (Table 3). Physical otolith-
physical scale comparisons had poor precision (PA 13-54, CV 23-46) (Figure 11). 
Physical scale-digital scale also showed poor precision (PA 9-45, CV 25-47) (Figure 12) 
PA’s were highest (44-82) and CV’s lowest (10-37) for each reader in the physical 
otolith-digital otolith comparison (Figure 13). 
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Structure and method agreement 
 Otolith-scale agreement (precision) for all classifications by all readers combined 
was low (PA 36 and CV 37) (Figure 14), however, no significant differences in any age 
class were found. Agreement with structures and their digital counterparts was also low 
(Figure 15). Physical scale-digital scale comparisons had a PA of 35 and a CV of 31. Bias 
was apparent in young fish (Age < 3) in age bias plots and this trend diminished as fish 
were assigned older ages. Significant differences (p<0.05) in means of digital scale-aged 
fish compared to physical scales were also detected in age classes 1 (p=0.04) and 2 
(p=0.002). Physical otolith-digital otolith comparisons had a PA of 46 and a CV of 25. 
There was no apparent bias in this comparison and no significant statistical difference 
(p>0.05) between actual structure class and digital assignment in any age class. None of 
the comparisons met the current suggested standards for precision of PA>80 and CV<10.  
Known age agreement 
 Eleven known age fish were examined to assess reader accuracy. Age bias plots 
displaying both scales and digital images of scales clearly indicate over-aging (Figure 
16). Moreover, accuracy and precision were poor for both scales (PA 9, CV 47) and scale 
digital images (PA 27, CV 47) relative to the actual age of the fish. Conversely, otoliths 
and otolith images showed no apparent bias (Figure 17). Accuracy and precision for 
otoliths (PA 82, CV 9) and otolith images (PA 54, CV 27) were both superior to scales 
and scale images. However, only the age determinations provided by physical otoliths 
meet the current standards of accuracy and precision.   
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Regional agreement 
 Scale-otolith agreement was calculated for all fish from each of the six individual 
regions. Bias was not detected in any region. Low PA’s and high CV’s were consistent 
across regions (Table 4). 
Length-age relationships 
 Age assignments were analyzed by length class (Figure 18a, b). Both otoliths and 
scales failed the Shapiro-Wilk normality test and were therefore analyzed through a one-
way Kruskal Wallis ANOVA.  Ages assigned using scales were not statistically different 
from each other (p=0.072) and ages assigned were, on average, age two for all size 
classes. There was a large range in ages assigned to each length class and there was no 
indication of older ages assigned to longer fish. Ages assigned by using otoliths per 
length class were statistically different (p=0.048), however there was no sign of older 
ages being assigned to larger fish and the mean age assigned was also two, although the 
range in assignments was large. In addition, the differences between the two readers age 
assignments for each fish were compared (failed normality, Kruskal-Wallis ANOVA) 
relative to length class (Figure 18c, d). The differences in age assignments between 
readers for scales (p=0.510) and otoliths (p=0.207) were not significant suggesting that 
there was no increased precision in aging smaller fish as commonly suggested in the 
literature (Hining et al 2000, Stolarski and Hartman 2008). For all length classes, the 
average difference between readers was 1-2 years, however the range in difference was as 
much as five years. 
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DISCUSSION 
Reading calcified structures properly depends on training to identify annuli and 
experience to reduce bias (Campana 2001). We collaborated with five readers who had 5-
30 years’ experience analyzing these structures in an attempt to mitigate errors arising 
from inexperience (Boehlert 1985). Intra-reader agreement suggested there were minimal 
discrepancies between structures for each reader suggesting readers were consistent 
within their own classification system. There is, however, a trend showing high 
variability between readers as indicated by low PA’s and high CV’s. Evidently, 
experience alone does not alleviate differences found between structures and suggests the 
need for standardization of aging practices across readers, regardless of their experience 
level. This is particularly important since much of the initial training a reader receives 
comes from an experienced reader working in-house; if the trainer readers are not 
standardized themselves, bias will perpetuate within an agency/organization.   
The comparison of precision between structures allows us to see if different 
structures are consistent in age assignment (Chang 1982) and this reproducibility is 
critical when estimating ages (Campana 1995). No bias was detected, as there was no 
substantial deviation from the equivalence line in the physical scale-physical otolith 
comparison. Additionally, there was no significant difference in any individual age class. 
However, the occurrence of low PA (36) and a high CV (37) demonstrates poor 
standardization and precision in the classifications. 
Bias was detected in the physical scale-digital scale comparison and significant 
differences in age assignments were detected in age classes 1 (p=0.04) and 2 (p=0.002) 
indicating systematic over-aging of the digital scale in comparison to the physical scale. 
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Physical scale-digital scale precision was low (PA 35, CV 31). This variability is 
consistently found throughout physical otolith-digital otoliths comparison as well, with 
low agreement (PA 46, CV 25). No bias or significant differences in age assignments 
were detected. It is unclear why this over-aging occurred in digital scales and was not 
seen in digital otoliths, however it lends more evidence for the unreliability of using 
brook trout scales for aging. 
The inclusion of known age marked fish is the optimal way to validate aging 
accuracy and annuli formation (Campana 2001). Our known age fish allowed us to 
examine the accuracy of differing structures/methods with confirmed ages. Physical 
otoliths provided the most precise and accurate ages (PA 82, CV 9) for known age fish. 
This high PA and low CV reinforces findings from the other recent studies and we 
support their continued usage (Hall 1991; Stolarski and Hartman 2008). Digital otoliths 
were slightly less accurate (PA 54, CV 27), but substantially more precise and accurate 
than either of the scale analyses, suggesting that digital images may be appropriate with 
this structure as readers become more adept with the technique. From our data, the usage 
of scales of any nature is highly suspect based on poor accuracy with these known age 
fish.  
Although managers may believe that imprecise and inaccurate age data from 
scales is better than no age data, we believe that scale ages may be so flawed that it is 
more detrimental to use them when managing fish populations then not having age data at 
all. For example, two readers aged one Virginia fish as being seven years old via otolith; 
however, scale age assignment was age four. This fish was 134 mm and if we used a 
length chart garnered from the known age fish in our study, this fish would be age zero. 
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While we cannot verify the age of this specific fish, we believe the age assignment based 
on otoliths to be probable, based on the expertise of the readers and the accuracy of their 
known age fish readings with this structure. Therefore, the use of length as an indicator of 
age is also not recommended because our age analyses indicates that many fish in a 
variety of populations may be stunted and will not be accurately represented if aged in 
this way. 
Regional comparisons provided no indication that one population was more 
precisely aged than any other. PA’s ranged from 23-50 and CV’s of 20-48 illustrating the 
continued trend of highly variable age determinations. Readers expressed their desire for 
additional fish data, specifically length and population location. Although it was not 
possible to re-read the structures with this additional data provided to the readers, we 
believe that this is an opportunity for future investigation. It also suggests readers seek to 
rely on other assumptions about fish (based on data or not) in order to generate age 
classifications which could bias results.   
Four recommendations emerge from this study. First, there are unresolved issues 
in aging. Further research must be undertaken to substantiate which structure and method 
will provide the greatest accuracy and precision when aging. I found low precision (and 
accuracy) using scales as did Kozel and Hubert (PA 27) (1987). However, Stolarski and 
Hartman found slightly (2008) higher PA (82.30) and lower CV (6.59) in scales than 
otoliths. Fin rays have shown potential in salmonids, but further work is necessary to 
determine if they provide accurate ages in brook trout (Shirvell 1981; Chilton and Bilton 
1986; Stolarski and Hartman 2008). I attempted to include fin rays in our study but was 
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unable to find three experienced fin ray age readers willing to assist in our study; 
experienced brook trout fin ray readers evidently are rare. 
Second, scales continue to produce highly variable age classifications. Inclusion 
of imprecise and inaccurate data will lead to flawed analyses and regulations. While 
studies (Kozel and Hubert 1987; Hall 1991; Hining et al. 2000; Stolarski and Hartman 
2008) have indicated that scales underage fish, in this study, readers of scales over-aged 
fish compared to otoliths, suggesting even this back of the envelope correction to be 
flawed. Additionally, my data do not support the contention that scales are more accurate 
for young fish aged less than three years old. I recommend against using scales. Fisheries 
biologists need research into newer, nonlethal techniques such as fin ray analysis.  
Third, otolith digital images seem to have potential when aging brook trout. 
Digital imaging, once best practices have been established, would be an excellent way to 
allow multiple experienced readers to collaborate on a sample quickly and easily. Their 
usage could greatly benefit managers by allowing a known age reference collection to be 
created and shared among agencies.  
Fourth, we recommend the development of an open-access digital library of aging 
structures focused on known age fish. As indicated as a best practice (Campana 2001), 
new age readers could then be trained from this known age collection and supplementary 
training for experienced readers could be completed efficiently and with a high degree of 
confidence. This collaboration would greatly increase the likelihood of standardization 
across the species range while decreasing inter-reader bias. 
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Table 2. Origins and dimensions of fish used in this study. Participants were asked to 
collect 10-20 fish from their region. Known age fish were collected from Watertown, 
New York. Lengths ranged from 77-336 mm. Weights ranged from 3.7-282.3 g.  
 
Fish Source Number of  
Fish 
Collected 
Number 
of Fish 
Included 
in Study 
Length 
 Range 
(mm) 
Mean 
Length and 
Standard 
Deviation 
(mm) 
Weight 
Range (g) 
Mean 
Weight and 
Standard 
Deviation 
(g) 
Nampa,  
Idaho 
43 14 78-213 141.9±47.2 5.7-123.2 42.6±39.7 
Clarkesville, 
Georgia 
20 13 90-197 130.8±34.9 7.3-73.9 25.3±22.9 
Bellefonte, 
Pennsylvania 
18 12 163-210 185.6±14.2 35.1-106.0 63.0±20.0 
Verona,  
Virginia 
28 13 151-271 187.3±39.0 33.5-189.6 77.1±50.1 
Watertown,  
New York 
12 11 132-336 255.5±60.9 24.6-282.3 169.5±85.1 
Allegany,  
New York 
22 12 77-254 152.0±51.7 3.7-123.0 41.6±35.6 
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Table 3. Evaluation of intra-reader structure bias for all precision comparisons. A t-test 
was performed on each individual age class for each reader for each comparison. 
Significant differences (p<0.05) are highlighted. Blank boxes indicate the ager did not 
age any fish in that particular age class. Age classes with fewer than three samples are 
indicated by “low N”.  
 
  Age 0 Age 1 Age 2 Age 3 Age 4 Age 5 Age 6 Age 7 
Otolith vs. Scale                 
Reader 1 p=0.89 p=0.83 p=0.89 p=0.73     
Reader 2  p=1.0 p=1.0 p=0.06 p=0.39 p<.01 p=0.39 p=0.39 
Reader 3   p=0.16 p=0.80 p=1.0 low N   
Reader 4 low N p=0.16 p=0.72 p=0.72    low N 
Reader 5 low N low N p=0.54 p=0.54 p=0.19 low N   
 
Otolith vs. 
Otolith Picture 
                
Reader 1 low N p=0.33 p=0.35 low N     
Reader 2  low N p=0.14 p=0.12 p=1.0 p=1.0 p=1.0 p=1.0 
Reader 3   p=0.06 p=0.84 p=0.84 low N   
Reader 4 low N p=0.33 p=0.35 low N    low N 
Reader 5 
 
p=1.0 low N p=1.0 p=1.0 p=1.0 low N   
Scale vs. Scale  
Picture 
                
Reader 1 p=0.02 p=0.02 p=0.02 low N     
Reader 2 low N p=0.15 p=0.04 p=0.09 p=0.21 low N   
Reader 3  p=0.90 p=0.90 p=0.90 p=1.0 p=0.70   
Reader 4 low N p=0.06 p=0.53 p=1.0 p=1.0    
Reader 5 p=0.12 p=1.0 p=.02 p=1.0 p=1.0       
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Table 4. Scale-otolith precision by region. Low PA’s and high CV’s were persistent 
across regions and no region showed substantial inhomogeneity. 
 
Region Sample 
Size 
Percent Agreement  
(PA) 
Coeffecient of 
Variation (CV) 
Virginia 13 38 26 
Georgia 13 23 40 
Pennsylvania 12 42 20 
Idaho 14 50 39 
New York 12 50 48 
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Figure 9. Native brook trout range and participant locations. Stars indicate collection sites 
and reader locations (yellow-combined collection site and reader location, green - 
collection site only, blue - reader only). Fish were collected from their native range in 
Georgia, Virginia, Pennsylvania, and two regions in New York. Fish from Idaho were 
included representing fish from their introduced range.  
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Figure 10. Size frequency of fish included in the aging study by length. Length classes 
were created to insure adequate inclusion of the greatest length range possible. Fish 
ranged from 77 mm to 336 mm. There was a minimum of seven fish per class 75-100 
mm) and a maximum of thirteen (151-175 mm and 176-200 mm). Due to the scarceness 
of fish > 225 mm, all fish above that size were included in one class.
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Figure 11. Age bias plots of each readers physical scale-physical otolith comparison. Error bars indicate 95% confidence intervals (for 
ages with >2 observations). Observations for each age class are located above the x-axis. Significant differences of age assignments are 
indicated by an “*.” Bias can be seen in Reader 4 and 5 with a tendency to underage older fish using scales relative to otoliths . 
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Figure 12. Age bias plots of each readers physical scale-digital scale comparison. Error bars indicate 95% confidence intervals (for ages with 
>2  observations). Observations for each age class are located above the x-axis. Significant differences of age assignments are indicated by 
an “*.” Bias can be seen in Reader 1 and 2 with a tendency to overage digital scales relative to physical scales. 
* 
* 
* 
* 
* 
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Figure 13. Age bias plots of each readers physical otolith-physical scale comparison. Error bars indicate 95% confidence intervals (for 
ages with >2 observations). Observations for each age class are located above the x-axis. No bias is detected nor is any significant 
difference in age assignments within age classes for physical otolith-digital otolith comparisons. 
 
47 
 
 
 
 
Figure 14. Otolith-scale age bias plot with 95% confidence intervals (for ages with 2+ 
differing observations) displaying the entire sample. Observations for each age class are 
located above the x-axis. No bias is seen nor any significant differences between any 
assignment comparisons in individual age classes (numbers above x-axis show 
individuals in that age class). Precision was low (PA 36, CV 37). 
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Figure 15. Age bias plots displaying physical structure-digital picture comparisons. Error bars indicate 95% confidence 
intervals (for ages with 2+ differing observations). An “*” indicates a significant difference (p<0.05) in age assignments in 
that age class. a) Scales compared to their digital counterparts. Bias is seen in fish and <4 and significant differences in ages 
assigned for age class 1 (p=0.04) and 2 (p<0.01) are present. Precision was low (PA 35, CV 31). b) Otoliths compared to 
their digital counterparts. Bias is not present and no significant differences in any age class. Precision was low (PA 46, CV 
25). 
PA 35 
CV 31 
PA 46 
CV 25 
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PA 9 
CV 47 
PA 27 
CV 47 
b) a) 
Figure 16. Age bias plots of known age physical and digital scale comparisons. Error bars indicate 95% confidence intervals (for 
ages with 2+ differing observations). An “*” indicates a significant difference (p<0.05) of age assignments in that age class. Bias 
is easily detected in both plots as scales (a) and scale images (b) consistently over-aged fish. a) No significant differences in 
estimated ages were detected in any age class although precision was poor (PA 9, CV 47) b) A significant difference was 
detected in age class 1 (p=0.02). Precision was poor (PA 27, CV 47).  
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Figure 17. Age bias plots of known age physical and digital scale comparisons. Error bars indicate 95% confidence intervals (for ages 
with 2+ differing observations). No bias or significant differences are detected in either. a) Precision for otoliths (PA 82, CV 9) b) 
Precision for otolith digital images (PA 54, CV 27). 
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Figure 18: Length distribution of age assignments. Small points represent distribution of 
assigned age per length class. Large points with error bars indicate the mean ±S.E. Ages 
assigned to fish via A) scales and B) otoliths. Difference in age assignments between 
readers for C) scales and D) otoliths. 
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CHAPTER FOUR: CONCLUSIONS 
 Collecting accurate and precise age determinations from fish will continue to be 
an important aspect of fisheries management. However, how this data is derived is likely 
to change. For this study, I identified trends in brook trout aging practices and aged 
otoliths and scales via methods commonly used in the profession. Additionally, I applied 
current technology to see if the use of digital images was valid for aging brook trout. 
Brook trout fisheries managers who responded to my survey reported that they 
used age data to estimate populations, determine growth statistics, plan stocking 
programs, improve habitat and for a variety of other analyses. Furthermore, they gathered 
the age data required for these analyses through a variety of approaches, including 
assessment of scales, otoliths, fin rays, vertebra, and through length at age models. 
Readers of these calcified structures were usually trained by fellow biologists and do not 
receive supplementary training and less than half of the respondents indicated the 
structure they were using had been validated in their population.  Protocols for aging 
were commonly used and validation of that protocol was also common. The higher 
percentage of protocol validation compared to structure validation is probably due to fact 
that protocol validation can be easily conducted (i.e., downloaded from a website or 
borrowed from another agency, etc.), whereas structure validation must be completed at 
the population level using known age fish. There was a clear call by respondents for 
additional research on aging brook trout and to identify which structure provides the most 
accurate age. 
Using scales and otoliths from across the species’ native and introduced range 
allowed an unprecedented sample of brook trout to age.  The inclusion of known age fish 
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permitted a validation of techniques and the structures used. Precision of age 
classification by experienced readers was poor when comparing scales to otoliths and 
when comparing each structure to their digital images. When aging known age fish, 
physical otoliths are far more accurate then scales and scale images. Scales gave 
extremely imprecise ages and I strongly caution their use in aging brook trout. Otolith 
images have potential for aging, as they had greater precision than scales as well. 
Regional differences among fish were not detected using either structure and there was a 
consistent trend of poor precision when comparing structures across the species range. 
Length does not appear to be a good indicator of age in this study. Unless validated for a 
particular population, length should not be used for aging.  
Currently, there is no mechanism in place to age brook trout easily, accurately, 
and non-lethally. The development of a non-lethal technique for aging brook trout should 
be a priority. My research indicates that otoliths are more accurate than scales and that 
age assignments from experienced readers will produce ages that are precise and 
accurate. Moreover, I anticipate an increase in the use of digital images and believe that 
this technology will greatly increase the acquisition of more accurate data and will allow 
fisheries biologists to make better decisions when managing fisheries. 
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